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Abstract
The effective nuclear charges, which are empirical parameters in the approximate spin-orbit Hamiltonian, are
determined for the first- and second-row elements in the periodic table using the experimental results of the
fine structure splittings in the doublet and triplet II states of AH molecules (A is an atom in the first or second
row). All calculations are performed using the full optimized reaction space multiconfiguration self-
consistent-field wave functions with the 6-3 lG(d,p) basis set. Using these effective nuclear charges, the fine
structure splittings calculated for the doublet and triplet II states of many diatomic molecules are in excellent
agreement with experimental results. These charges are also applied to evaluate spin-orbit coupling constants
connecting singlet and triplet states in some diatomic molecules and H2C0.
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The effective nuclear charges, which are empirical parameters in the approximate spin-orbit Hamiltonian, are determined 
for the first- and second-row elements in the periodic table using the experimental results of the fine structure splittings in 
the doublet and triplet II states of AH molecules (A is an atom in the first or second row). All calculations are performed 
using the full optimized reaction space multiconfiguration self-consistent-field wave functions with the 6-3 lG(d,p) basis set. 
Using these effective nuclear charges, the fine structure splittings calculated for the doublet and triplet II states of many 
diatomic molecules are in excellent agreement with experimental results. These charges are also applied to evaluate spin-orbit 
coupling constants connecting singlet and triplet states in some diatomic molecules and H2C0. 
I. Introduction spin-orbit co~pl ing .~  Vibronic coupling gives rise to internal 
Ab initio molecular orbital methods have been s ~ ~ s s f ~ l  in c"ion (coupling between states of the same spin), while 
describing the ground states of molecular systems, but several radiationless transitions between different spin states (intersystem 
difficulties are encountered in the treatment of electronically ~ ~ ~ g )  are facilitated by spin-orbit coupling. In the theoretical 
(CI) calculations, molecular orbitals are usually optimized for 
one of the two states, but not for both states. Therefore, unless 
full CI calculations are performed, the accuracy of the wave 
functions is different in the two states. On the other hand, 
excited stata.1 One of these is the phenomenon of radiationless 
transitions, usually described in terms of vibronic coupling2 and 
CdCUlatiOnS Of t h e  effects, tWO e1WtrOniC States must be Con- 
sidered SimUltaneOUSly. In traditional configuration interaction 
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multiconfiiration self-consistent-field (MCSCF) wave functions 
are normally obtained for the two states independently, so that 
the nonorthogonality between the two sets of molecular orbitals 
causes computational dificulty in their use in subsequent calcu- 
lations. 
The group of Peyerimhoff and Buenker4 has employed mul- 
tireference CI methods to estimate vibronic coupling and spin-orbit 
coupling. Lengsfield and Yarkony5 and Furlani and King6 de- 
veloped a program package for state-averaged MCSCF calcula- 
tions in order to obtain unbiased orthonormal wave functions for 
multiple states. Their studies employed the Breit-Pauli Ham- 
iltonian to estimate spin-orbit interactions. Lengsfield and 
Yarkony reported the calculated results on diatomic molecules, 
while Furlani and King applied their methods to larger molecules, 
but the active spaces of their full-opthhd-reaction-space (FORS) 
type MCSCF calculations are relatively small. Unfortunately, 
the calculations of the full two-electron terms is rather time- 
consuming when transition probabilities are estimated near the 
seams of potential energy surfaces, which usually requires ex- 
panded active spaces. The present study employs larger active 
spaces for FORS-type MCSCF calculations of spin-orbit inter- 
actions, by using the following approximate Hamiltonian as a 
qualitative semiempirical alternative to the more accurate and 
more time-consuming full calculations: 
(1) 
where a is the fine structure constant, and i and a index the 
electrons and nuclei, respectively. This Hamiltonian consists only 
of the one-electron terms of the Breit-Pauli Hamiltonian, and the 
effective nuclear charge Zen, intended to circumvent the need for 
the two-electron spin-orbit integrals, must be adjusted to reproduce 
experimental results. Several authors have reported success with 
such a model using all electron calculations7-” and several effective 
core potential (ECP) methods12 that incorporate spin-orbit cou- 
pling as part of the parametrization. The ECP methods are very 
useful, especially for heavier atoms, but the inner shells are not 
included and these methods are not ordinarily used for lighter 
atoms. Thus, although the exact  calculation^^^ and the ECP 
calculationsI2 are advantageous when they are applicable, it is still 
useful to have a parametrized one-electron method that is reliable. 
We propose here numerical values of Zen for the first- and 
second-row atoms in the periodic table at the MCSCF compu- 
tational level, because no systematic investigation has been ac- 
complished using correlated wave functions. Zen will be adjusted 
to reproduce the fine structure splittings (FSSs) in the lI states 
of AH molecules, where A is an atom in the first or second row 
of the periodic table. Using the proposed Z,, the FSSs in the 
II states of many diatomic molecules are predicted. We also report 
the results of preliminary calculations for the spin-orbit coupling 
constants connecting singlet and triplet states in some diatomic 
molecules and H2C0. 
II. Metbods of Calculation 
All calculations were camed out employing the 6-31G(d,p) basii 
set.I3 The orbital exponents of the polarization functions are those 
determined by the Pople group.I4 The MCSCF wave functions 
were obtained using the full optimized reaction space (FORS) 
model defined by Ruedenberg et al.,I5 and the active space of these 
MCSCF calculations includes all valence electrons and orbitals. 
First, the spin-orbit coupling constants (SOCs) given by eq 1 
are calculated as the FSSs for the II states of AH molecules, with 
the effective nuclear charges Z,, in q 1 set to the true nuclear 
charges of A and H. In previous studies7-” only one-center 
integrals were employed in order to determine Zcff, because 
two-center integrals apparently cancel the contribution from 
two-electron terms. The present study employs all one-electron 
integrals to determine Zeff, because two-center integrals seem to 
rarely affect Z,, as described in the next section.” Second, on 
the assumption that Z, for H is always equal to 1 (its true nuclear 
charge), 2, for A is adjusted to reproduce the experimental value 
of the FSS in the ll state of AH. Finally, the adjusted Zeff is 
Hso = (a2/2)13z,f~a)ri~3(ri~ X Pi).si 
i,a 
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TABLE I: Fine Structure SpUttiags (FSSs) in II States of AH 
Molecules 
FSS (cm-I) 
mol. state R,O energyb (l)c (1 + 2)d expt’ 
LiH- ’II (3.0425) -7.944585 0.31 0.37 
BeH A211 2.5201 -15.070559 5.80 6.05 2.14 
BH’ A’II 2.3744 -24.719278 26.76 27.16 14.0 
BH a311 2.2688 -25.126097 10.24 10.45, 5.95 
BH- ’II (2.3433) -25.086722 13.98 14.34 
CH’ a’II 2.1469 -37.916832 32.76 33.07 23 
CH X’II 2.1163 -38.299509 50.77 51.34 27.95 
NH’ X’II 2.0220 -54.528576 131.57 132.35 77.8 
NH A’II 1.9596 -54.828233 52.47 52.94 34.79 
NH- X’II 1.9785 -54.883544 88.30 89.15 63 
OH’ A’II 2.1456 -74.848611 116.75 117.11 83.83 
OH X’II 1.8342 -75.407966 204.25 205.48 139.21 
HF+ X211 1.8918 -99.516609 408.10 409.20 292.85 
NaH- ’ll (3.5716) -162.353437 4.25 4.28 
MgH A’II 3.1706 -200.065992 38.01 38.11 35.3 
AIH’ A‘II 3.0073 -242.072020 120.74 120.92 108 
AIH b’n 3.0402 -242.412665 46.53 46.60 40.2 
AIH- ’II (3.1180) -242.439000 58.39 58.51 
SiH’ b311 (2.8724) -289.102014 107.53 109.64 
SiH X211 2.8724 -289.434277 167.39 167.61 142.83 
P H  A3n  2.7728 -341.134718 137.47 137.61 115.71 
PH’ X’II 2.7121 -340.937 682 343.53 343.53 295.94 
PH- X’II 2.6588 -341.256053 222.87 223.16 212 
SH’ A’ll 2.8724 -397.595 362 257.08 257.21 216.5 
SH X’II 2.5339 -398.082566 447.86 448.24 376.96 
CIH’ X’ll 2.1671 -459.635 102 766.71 767.39 648.13 
“Experimental bond length in bohrs. The length in parenthesis is 
obtained for the ground state of the corresponding neutral species. 
bTotal energy in hartrecs. FSS calculated with only one-center inte- 
grals. dFSS calculated with the sum of one- and two-center integrals. 
‘Absolute values in cm-I. See ref 18. 
TABLE II: Determination of Effective Nuclear Charees 
FSS (cm-I) 
mol. state ratio“ &&A)” cal6 exptd errof 
LiH- ’IT 1.35 0.20 
BeH A211 0.353 2.00 3.15 2.14 +1.01 
BH’ A’II 0.515 2.75 15.11 14.0 +1.11 
BH a’II 0.569 2.75 5.84 5.95 -0.11 
BH- 211 2.75 8.04 
CH’ a’II 0.696 3.60 19.95 23 -3.05 
CH X’II 0.544 3.60 31.01 27.95 +3.06 
NH+ X211 0.588 4.55 86.27 77.8 +8.47 
NH A’II 0.657 4.55 34.54 34.79 -0.25 
NH- X’II 0.707 4.55 58.20 63 -4.80 
OH+ A’II 0.716 5.60 82.07 83.83 -1.76 
OH X211 0.680 5.60 144.12 139.7 +4.42 
HF’ X211 0.716 6.75 307.13 292.85 +14.28 
NaH- ’II 10.04 3.91 
MgH A211 0.926 10.80 34.31 35.3 -0.99 
AIH’ A’ll 0.893 11.53 107.26 108 -0.74 
AIH b’II 0.863 11.53 41.34 40.2 +1.14 
AIH- ’II 11.53 51.91 
SiH’ b311 12.25 95.95 
SiH X’II 0.852 12.25 146.68 142.83 +3.85 
PH’ X’II 0.861 12.94 296.39 295.9 +0.49 
PH A’II 0.841 12.94 118.73 115.71 +3.02 
PH- X’II 0.950 12.94 192.55 212 -19.45 
SH’ A’ll 0.842 13.60 218.65 216.5 +2.15 
SH X’II 0.841 13.60 381.05 376.96 +4.05 
CIH’ X211 0.845 14.24 642.90 648.13 -5.23 
”Ratio of experimental FSS to calculated FSS using true nuclear 
charges, using values in Table I. “Effective nuclear charge of an atom 
A. ‘Calculated values in this work. dAbsolute values in cm-I. See ref 
18. ‘(Calculated value) - (experimental value). 
employed to estimate the FSSs in the ll states of AB molecules. 
Because there are few experimental results for rare gases, these 
atoms were not included. 
AU calculations were accomplished using the quantum chemistry 
codes ALIW and GAMESS.” Several subroutines were added 
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TABLE III: Calculated FIN Structure SpUttiags (FSSs) in II States of AB Molecules~ 
FSS (cm-9 
mol. state Re energy calP exptC error (96) 
LiO 
LiF 
Be0 
BN 
C2+ 
c2 
C2 
BeF 
BeF 
BO 
CN 
CO+ 
N2+ 
BF 
co 
N2 
N2 
NO+ 
CF 
NO 
0 2 +  
0 2 +  
0 2 +  
NF 
NO- 
0 2  
OF 
0 2 -  
F2 
NaO 
NaF 
MgO 
AIN 
S i c  
LiCl 
BeS 
BeCl 
BS 
CP 
CS+ 
SiN 
AI0 
MOF 
AIF 
Si0 
PN 
BC1 
CS 
CCI 
NS 
PO 
SiF 
PF+ 
PF 
so 
NCI 
CIO 
SF 
FCI 
AI2 
NaCl 
MBS 
Si2 
MgCl 
AIS 
p2+ 
AlCl 
SiS 
p2 
p2 
Sic1 
PS 
s2+ 
s2 
52 
s2- 
C12+ 
c12 
3.2031 
2.4585 
(2.9553) 
(2.5 150) 
2.4207 
2.4791 
2.3926 
2.6333 
(2.6333) 
2.5574 
2.3306 
2.3504 
2.2202 
2.4720 
2.2785 
2.2915 
2.1707 
2.2204 
2.4034 
2.1746 
2.1097 
2.6104 
2.6627 
(2.4887) 
(2.3773) 
(2.2819) 
2.5058 
2.551 1 
(2.6682) 
3.8739 
(3.6395) 
3.5338 
3.3758 
3.4393 
(3.8185) 
(3.29 10) 
3.4414 
3.4359 
3.1237 
3.1005 
3.0910 
3.3463 
3.3012 
3.1135 
2.9525 
(2.8173) 
3.2088 
2.9644 
3.1086 
2.8233 
2.7890 
3.0256 
2.8352 
3.3112 
3.0394 
(3.0508) 
2.9662 
3.0246 
3.8380 
(4.6601) 
(4.4613) 
(4.0487) 
4.0724 
4.1128 
(3.8343) 
3.7528 
3.9684 
3.7838 
4.2122 
3.7228 
3.8891 
3.5922 
3.4488 
(3.5697) 
(3.5697) 
(3.5697) 
3.5735 
(3.7566) 
-88.372447 
-75.202028 
-106.822 122 
-89.505 300 
-79.078 483 
-75.599 266 
-75.508 570 
-113.990994 
-1 13.888 331 
-99.512325 
-92.290458 
-1 12.303 337 
-108.522216 
-124.044 593 
-1 12.630 366 
-108.800 779 
-108.658 501 
-128.802675 
-137.230423 
-129.354 514 
-149.315423 
-149.171 093 
-149.133 576 
-1 53.5% 658 
-128.987 586 
-149.300 464 
-174.181 055 
-149.625 802 
-198.61 1945 
-236.747 789 
-261.237 670 
-274.490 795 
-296.319 465 
-326.674 395 
-466.893 460 
-412.1 56 652 
-474.040 312 
-422.142 151 
-378.515293 
-343.980 402 
-343.347 283 
-316.809775 
-298.988 060 
-341.336 467 
-363.708 945 
-395.078 191 
-484.082 41 5 
-435.281 447 
-497.253 176 
-451.976 1 12 
-415.623629 
-388.377 303 
-439.851 272 
-439.934462 
-472.193 702 
-516.673974 
-534.266 637 
-496.91 5 137 
-558.784 992 
-483.782049 
-621.305988 
-597.150 391 
-577.778452 
-659.040 324 
-639.443 352 
-68 1.164 531 
-701.383 288 
-686.386 074 
-681.396 975 
-681.379923 
-748.41 1079 
-738.273 678 
-794.748 377 
-794.868 549 
-794.863 650 
-795.060 090 
-91 8.540494 
-918.808 702 
120.9 1 
34.91 
137.70 
62.03 
26.00 
14.31 
15.10 
38.60 
277.85 
123.64 
54.62 
124.16 
77.78 
29.00 
46.74 
44.80 
41.78 
71.84 
79.56 
128.52 
204.28 
51.21 
6.17 
49.70 
48.44 
87.71 
187.90 
153.83 
150.70 
124.45 
137.96 
63.49 
34.56 
42.56 
282.77 
169.92 
61.85 
336.44 
157.32 
303.82 
94.12 
129.52 
42.59 
51.14 
80.14 
97.44 
37.38 
98.14 
122.35 
230.39 
236.93 
169.52 
323.22 
130.56 
156.80 
64.72 
255.65 
409.64 
225.45 
39.58 
289.83 
171.09 
69.74 
63.16 
360.68 
255.40 
65.02 
120.45 
23.81 
136.19 
203.13 
332.13 
484.06 
210.77 
221.80 
373.60 
677.73 
311.04 
112.0 
8.0 
15.25 
16.9 
21.82 
122.26 
52.64 
117.5 
74.62 
24.25 
41.53 
42.24 
39.2 
77.12 
123.14 
200.33 
47.79 
3.6d 
160 
50 
33.0 
52.8 
330.91 
( 158) 
298.46 
89.54 
127.8 
37 
47 
73.19 
95 
134.92 
222.94 
224.03 
161.88 
323.95 
143.06 
(158) 
318 
387 
+8.91 (8.0) 
+26.91 (336.4) 
-0.94 (6.2) 
-1.80 (10.7) 
+16.78 (76.9) 
+1.38 (1.1) 
+1.98 (3.8) 
+6.66 (5.7) 
+3.16 (4.2) 
+4.75 (19.6) 
+5.21 (12.5) 
+2.56 (6.1) 
+2.58 (6.6) 
+1.64 (2.1) 
+5.38 (4.4) 
+3.95 (2.0) 
+3.42 (7.2) 
+2.57 (71.4) 
-6.17 (3.9) 
+13.49 (27.0) 
+1.56 (4.7) 
+9.05 (17.1) 
+5.53 (1.7) 
-0.68 (0.4) 
+5.36 (1.8) 
+4.58 (5.1) 
+1.72 (1.3) 
+4.41 (11.9) 
+4.14 (8.8) 
+6.95 (9.5) 
+3.14 (3.3) 
-12.57 (9.3) 
+7.45 (3.3) 
+12.90 (5.8) 
+7.64 (4.7) 
-0.73 (0.2) 
-12.50 (8.7) 
-1.20 (0.8) 
-62.35 (19.6) 
+22.64 (5.9) 
-1.86 (2.6) 
+9.16 (17.6) 
+242.68 (205.7) 
+105.40 (70.3) 
+0.02 (0.3) 
+4.81 (25.3) 
+11.19 (9.0) 
-4.08 (2.0) 
+10.20 (3.2) 
+14.06 (3.0) 
+1.77 (0.8) 
-46.40 (1 1 .O) 
+32.73 (5.1) 
"See the footnotes in Table I. *Values calculated by using the effective nuclear charges. 'The values in parentheses are given as spectral splittings. dThe 
other paper reports the value of 8.2 cm-I. See ref 18. 
Coupling Constants in Diatomic Molecules 
to GAMESS17C for the calculations of the FSSs (or SOCs). 
III. Results and Discussion 
A. Determination of Effective Nuclear Charge Z& Table I 
summarizes the calculated results of the FSSs in the doublet and 
triplet n states of AH molecules, akmg with experimental readts,I8 
using the true nuclear charges for Zep Walker et a1.7 determined 
Z, using only the onecenter terms, because the two-center terms 
were predicted to cancel the contribution from the two-electron 
terms. Table I lists both the one-center and the sum of the 
one-center and two-center contributions to the one-electron part 
of the FSS. The diffmnces between these values, the Contribution 
from the two-center terms, are smaller than 1 cm-' except for 
SiH+, and they always make the FSSs larger. In this study, all 
one-electron integrals are employed to determine Z,, since the 
contributions from the two-center terms are very small. 
Our calculated FSSs for AH molecules are always larger than 
the experimental resUlts.l8 This suggests that Z, is always smaller 
than Z. On the basis of the ratio of Table 11, it is proposed that 
the effective nuclear charges Zeff or the first- and second-row 
atoms be determined by the following equations: 
Z,fr(A) = Z(A)(0.3 + Z(A)/20) for the first-row atoms 
and 
Zerr(A) = Z(A)(1.05 - Z(A)/80) for the second-row atoms 
where Z(A) is the true nuclear charge of an atom A. The errors 
in the predicted FSSs in the II states of AH molecules are less 
than 10 cm-l, except for HE+ and PH-. Even though the errors 
in the FSSs for HE+ and PH- are larger than 10 cm-I, they are 
less than 10% of their experimental values. The previous 
works,7+9-11 excluding Wadt's report (Z,dO) = 5.5OSb and Z&i) 
= 12.5688), have not reported effective nuclear charges. The fact 
that our Z,{s are very similar to Wadt's values and the good 
agreement between our calculated results and the experimental 
values for AH molecules encourage us to apply our Zeff to the 
calculations of FSSs (or SOCs) in larger molecules. 
B. Prediction of the Fine Structure Splittings in Diatomic 
Molecules. The fine structure splittings (FSSs) in diatomic 
molecules AB (A and B are atoms in the first or second row of 
the periodic table) are evaluated in this section, in order to examine 
the reliability of the Zeff in Table 11. The summary of our cal- 
culated results for nearly 80 electronic states of AB molecules is 
given in Table 111. For all but eight of these species, the absolute 
and percent errors are within 20 cm-' and 20% respectively. Three 
of the remaining eight (ClO, S;, and C12+) have rather large Fsss 
and the absolute errors are larger than 20 cm-l, but their percent 
errors are less than 20%. To explore the effect of basis set on the 
FSS predictions for these three molecules, their FSS values were 
recalculated using the MCSCF/MC-31 lG(d,p) methodlg and the 
Zeff in Table 11. Only modest improvement is obtained (258.96 
cm-I for C10,372.12 cm-I for S2-, and 659.55 c m - I  for C12+), but 
these results seem to be reasonable. This leaves five species (C2+, 
BeF, 02+, AIS, and P2+; less than 10% of the sample species) which 
have errors in FSS that need to be considered further. 
The calculated FSS (34.91 cm-I) for the X211u state of C2+ is 
4 times as large as its experimental value (8 cm-I). The main 
electron configuration of this state is 
(~re)(2~~,)2(2~~u)2(2P~g~~(2P*u)3(2P*g)~~~Puu~~ 
(core)(2s~,)2(2s~u)0(2P~g)2(2P*u)3(2P~g)0(2P~u)0 
(core)(2sug)2(2sau) ~ ~ ~ P ~ g ~ ~ ~ 2 P * u ~ ~ ~ 2 p s g ~ ~ ~ 2 p u u ~ '  
which interacts strongly with 
and 
These configurations have three ?r electrons in the valence space. 
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TABLE I V  Calculated Spin-Orbit Coupling Constrnts (coil) 
Connecting 9 a d  States 
Furlani 
mol. R.' energyb this work and Kina' 
NH 1.9581 -54.981 316 70.42 66-70 
OH' 1.9443 -74.994784 167.46 159-166 
PH 2.6878 -341.281 435 239.59 218-225 
-54.874 298 
-74.855 731 
-341.207 346 
-149.644 385 
02 2.2819 -149.699536 175.77 153.23 
Bond lengths in bohrs. Energies (hartrees) in the first row are for 
3E states, and those in the second row are for 'E states. Furlani and 
King have reported spin-orbit coupling constants obtained within sev- 
eral approximations. See ref 6. 
The electronic state, whose main configuration has only one 7r 
electron 
(core) (2sug) 2(2s~u)2(2P~~)2(2P*u) ' (2P*,)0(2P~u)0 
is an excited state, so that this configuration need not be considered 
here. The external correlation estimated by the first-order con- 
figuration interaction (FOCI) method, including 28 056 config- 
uration state functions (CSFs), has little effect on the predicted 
FSS (34.75 cm-I), while the better basis set (MC-31 1G(d,p)I9) 
actually gives a slightly larger FSS (36.22 cm-I), at the MCSCF 
level of theory. 
The ground X211 state in P2+ also has three r electrons, and 
the calculated FSS is larger than its experimental valuela by more 
than 100 cm-'. The addition of extemal correlation and the use 
of the better basis set have the same effect on P2+ as on C2+. 
Therefore, these may well be cases for which the contribution from 
the two-electron terms in the spin-orbit Hamiltonian are essential 
for an adequate description of the spin-orbit coupling. 
The predicted value of 360.68 cm-l for the FSS of AlS (B211) 
is in error by more than 200 cm-l. The experimental value (1 18 
cm-') for this state is given as a spectral splitting,I8 so that it need 
not be caused by the FSS. The MCSCF/MC-3 1 lG(d,p) calcu- 
lation provides a slightly smaller FSS (350.96 cm-I), but the 
difference between the calculated and experimental values is still 
large. 
The calculated FSSs for the A211 state in BeF and the A211u 
state in 02+ have large percent errors (more than 70%), even 
though the absolute errors are smaller than 20 cm-'. The A211 
state in BeF is described mainly by the following configuration: 
(core)(2s~)~(2su*)~(2pu)~(2pr)~(2pA+)1(2pu*)~ 
instead of 
(core)(2~a)~(2su*)~(2pu)~( 2pr)3(2pr*)o(2pu*)o 
The MCSCF/MC-31 lG(d,p) wave function gives very small 
improvement (to 37.51 cm-l) for the FSS of BeF. 
Although the latest experimental valuela for the A%, state in 
02+ is 3.6 cm-I, Langhoff and Kerngb employed 8.2 cm-I as an 
experimental value for this state. Our calculated FSS (6.17 m-l) 
is close to the old experimental value and seems to be better than 
the result (48.0 cm-') obtained by Ishiguro and Kobori.Io Im- 
provement of the basis set to MC-31 lG(d,p) causes a slight in- 
crease in the predicted FSS (to 6.89 cm-I). 
C. Preliminary Applications. In this section, the spin-orbit 
couplings (SOCs) connecting singlet and triplet states are esti- 
mated using the Zen in Table 11. The core orbitals obtained from 
the MCSCF calculation of the triplet state are used for the singlet 
state (the frozen core approximation),20 and the active orbitals 
of the singlet state are optimized in the individual MCSCF 
calculations. The active spaces in both MCSCF calculations 
include all valence orbitals and electrons. The SOCs connecting 
the lowest 'Z and states for NH, OH+, PH, and O2 are com- 
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Figure 1. Geometrical structures for the X'A, and 'A2(n - r*) states 
in H2C0.  The asterisks (*) indicate the values for the 'A2 state which 
is assumed to have a planar structure in this work. Bond lengths and 
bond angles are in angstroms and degrees, respectively. 
pared (Table IV) with the SOCs evaluated by Furlani and King 
FK included the two-electron terms explicitly and em- 
ployed MCSCF methods, in which the active space includes two 
r orbitals. Generally speaking, the agreement between the FK 
values and the present work is quite good. Unfortunately, no 
experimental values are available for these species. 
The SOC connecting the XIAI and 3A2(n-.?r*) states in H2C0 
has also been estimated as an example of applications to poly- 
atomic molecules. Langhoff and Davidsonz' have reported that 
the transition energy from X'A, to 3A2 is 27 674 cm-' and the 
SOC between these states is 61 -97 cm-I, when the 3A2 state is 
assumed to have a planar structure.22 In our calculations, the 
MCSCF active space includes 10 valence orbitals and 12 valence 
electrons, giving rise to 3588 CSFs for X'AI and 5196 CSFs for 
3A2. Although the geometrical structure of the 3A2 state is actually 
nonplanar, planar structures were adopted for both states in order 
to facilitate comparison with the results of Langhoff and 
Davidson.21 The MCSCF equilibrium structures of these states 
are obtained as shown in Figure 1, and the 0-0 transition energy 
(or the energy difference between the two structures) is estimated 
to be 30029 cm-I. The SOC is predicted to be 64.20 c m - I  at the 
X'A, structure or 66.69 cm-' at the structure. Thus, we find 
excellent agreement between our results and the previous studies. 
IV. summary 
The effective nuclear charges in the approximate spin-orbit 
Hamiltonian (eq 1) are determined for the first- and second-row 
elements in the periodic table. Our approach produces excellent 
estimates for the fine structure splittings in many diatomic 
molecules. The errors in our predictions are generally smaller 
than 20 cm-I or 20%. The spin-orbit coupling constants con- 
necting the lowest ' 2  and 3E: states in some diatomic molecules 
and connecting the X'A, and 3A2(n--.+) states in H2C0 are also 
evaluated using our effective nuclear charges. The calculated 
results seem to be rather satisfactory, and the applicability of our 
effective nuclear charges may be verified by further studies on 
many larger molecules.23 
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